A single-phase grid-connected converter is considered in this paper in the presence of harmonic problems introduced non-linear loads. In order to compensate the harmonics caused by the loads, a local voltage support scheme is proposed. This is an added feature because its implementation is in parallel with a conventional current control method. Distinctively, the measurements of the grid or load current are not needed since the scheme is based on only local measurements. On top of a fundamental part for desired power injection, the converter output current comprises a harmonic part for compensation. Thus, the grid current harmonic distortion is minimized and the enhancement of the local voltage quality is achieved. A comprehensive model analysis indicates that the proposed strategy can help to attenuate harmonics of the local voltage without compromising on the quality of the fundamental current injection. Experimental results validate the effectiveness of the proposed control scheme. Moreover, the impact of grid frequency estimation error on the control strategy's performance is quantified theoretically and experimentally.
Introduction
Power electronic converters have been widely applied as an interface between the public grid and sustainable energy sources (or loads) [1] [2] [3] . Due to the non-ideal properties of these converters, the grid is faced with voltage and current harmonics [3] . These harmonics can however be countered through control of dedicated power converters. Voltage harmonic compensation is mostly fulfilled by placing a converter in series with the distorting voltage source, where the converter generates a voltage to compensate for the voltage harmonics [4] . Current harmonic compensation is achieved by placing a converter in parallel with the harmonic current source, where the converter serves as a current source to compensate for the current harmonics [5] . The focus of this paper is on the harmonic compensation strategy applied in these shunt grid-connected converters.
The commonly called harmonic compensation strategies of a shunt grid-connected converter can be separated into three categories. The first category is focused on improving its immunity to harmonic disturbances coming from the grid and load and overcoming the non-linearities of the converter itself in order to inject sinusoidal current into the grid [6] [7] [8] . The second category is devoted to absorbing harmonics caused by polluting loads by acting as an active power filter (APF) [5] . The last category intends to sink harmonics introduced by local loads in addition to (bidirectionally) exchanging active power with the grid [9] [10] [11] [12] [13] [14] [15] [16] . The case considered in this paper belongs to the last category: compensation of harmonics introduced by the non-linear loads in addition to active power regulation.
To achieve these two objectives in a shunt converter, traditionally control strategies require an additional measurement of the grid current [9] or the non-linear load current [10] [11] [12] for harmonic content detection and identification. Consequentially, the identified harmonic content is used for the reference formulation of the shunt converter output current. To this end, a current controller is designed with a bandwidth covering the frequency range of the harmonics to be compensated. In this type of strategy, the harmonic detection should have a high accuracy for good harmonic compensation performance. Moreover, an additional measurement of the grid current or the non-linear load current is necessary for this type of control strategy, which is not always practical, especially when there are multiple distributed loads. Therefore, harmonic compensation integrated in distributed generators (DGs) based on only local measurements is receiving increasing attention recently [13] [14] [15] [16] . In this strategy the already-present measurement in the shunt grid-connected inverters, the local voltage that is conventionally used for grid synchronization, is additionally used for harmonic detection and compensation. Therefore, no measurement of the grid current or the load current is required. The primary functionality of a DG is the injection of desired synchronized power. Therefore, ideally, the added-on harmonic compensation should not impair the control accuracy of the power injection; however, it was not addressed [13, 14] and hardly achieved [15] . In [16] , a similar control architecture to [17, 18] and this paper is used, but a voltage harmonic extractor was required for harmonic compensation, which adds up to the overall control complexity. Moreover, model analysis and control accuracy studies of such current-voltage hybrid control strategies are not available.
Motivated by the aforementioned issues, an add-on local voltage support strategy without compromising on the quality of power injection was proposed in [17] for existing grid-connected inverters. Since the add-on voltage support scheme works actively at the harmonic frequencies and the current control at the fundamental frequency, the proposed strategy induces no cross coupling between harmonic compensation and desired power injection and no harmonic extractor is needed as in [16] . According to the internal model principle (IMP) [19] , to achieve zero-error reference tracking or disturbance rejection, the pattern of the reference or the disturbance should be taken into account during the controller design. This means that, when the IMP is applied in control of grid-connected converters, the frequency of the reference (or the disturbance) becomes essential for the controller design in order to achieve zero-error reference tracking or disturbance rejection. Since only harmonic disturbances are considered, all frequencies at play are the grid frequency and its multiples. Correspondingly, resonance filters [8, 16, 20, 21] are commonly adopted as part of feedback controllers for grid-connected converters. Since resonance filters are notch filters and only have a very high gain in a narrow frequency band, zero-error tracking is barely achieved in practice when their resonance frequencies mismatch with the true harmonic frequencies [21] . In light of this, the control algorithm's sensitivity to the grid frequency estimation error is also analyzed in this paper.
Since this paper's focus is on add-on voltage harmonic compensation without using additional sensors, the improvement in the local voltage harmonic content is analyzed in this paper. Additionally, in contrast to all currently available publications on voltage support using only local measurements, the control accuracy of the converter output current is also studied in this paper. In order to quantify the performance of the proposed method, a comprehensive model analysis is performed and several sets of experiments have been carried out to validate the models and the analysis.
The organization of this paper is as follows. In Section 2, the structure of the proposed control strategy for a grid-connected converter is described and a model of the corresponding closed-loop system is derived. It is followed by a comprehensive analysis of the closed-loop model in order to quantify the add-on voltage harmonic attenuation in Section 3. This section also provides the discussion of the add-on harmonic compensation on the fundamental output current control accuracy is also provided, as well as a study on the control algorithm's sensitivity to the frequency estimation error and a corresponding compensation strategy. The performance of the control scheme is investigated by experiments in Section 4. Discussion is performed in Section 5. Finally, conclusions are drawn and recommendations are given.
Proposed Control Scheme and System Modelling

Structure of the Proposed Control Scheme
The diagram of the proposed control scheme for a single-phase grid-connected converter system is shown in Figure 1 . The system is comprised of five main parts: a direct-current (DC) voltage source, a single-phase converter, an LCL filter for the attenuation of switching-frequency harmonics, the local loads, and the grid. A relatively weak grid is assumed (with impedance L g , R g in Figure 1 ) since in this type of grid the local voltage quality is mostly affected by harmonic distortion [22] .
Grid Loads
PWM
proposed control scheme As indicated in Figure 1 , the proposed control scheme contains two loops: one for current regulation and the other one for voltage support. The profile of the local voltage at the point of common connection (pcc) is used in both loops: in the first the phase of the local voltage is extracted via a phase-locked-loop (PLL) for the synchronization of the converter output current, and in the second it is used for compensating harmonics. The two set-points for this scheme are: the desired magnitude of the fundamental converter output current, denoted as I * o,1 , and the desired harmonic content of the local voltage, represented by v * pcc,h which will normally be equal to zero. To differentiate the actual grid frequency from the one assumed during the design of the controller, a couple of notations are introduced before elaborating on the controller design. The frequency used to design the proposed control scheme is called the estimated grid frequency, referred to asf g ; while the actual one of the utility grid voltage is denoted as f g .
Current Control
A proportional-resonance (PR) filter is applied for the Current Control block in Figure 1 in order to achieve zero-error reference tracking [17, 21] . Its transfer function is given by
where K p is the proportional gain, K r denotes the resonance gain, andω 0 represents its resonance angular frequency. Since the current control is designed to regulate the fundamental component of the converter output current, we haveω
withω 0 being called the estimated grid angular frequency.
Voltage Support
The Voltage Support controller in this case is constructed by paralleling multiple basic resonance filter cells. Its overall transfer function is given by
where k is the order of the k th resonance filter cell for k th -harmonic tracking (or rejection), N h is the set of harmonic orders to be compensated, and K res,k is the individual gain for the k th resonance filter cell, whose transfer function is given by
Note that 1 / ∈ N h should be met here in order not to interfere with the fundamental current control in Section 2.2. Details and explanations follow in the next two sections.
A model is derived for the system depicted in Section 1 in the following two subsections, which will be used in Section 3 to illustrate the working principle of the proposed control strategy.
System Open-Loop Model
Ignoring the switching-frequency dynamics, the single-phase grid-connected converter in Figure 1 can be modelled as a linear plant with one control variable and two disturbances. Figure 2 shows the simplified diagram. The dynamics of the converter output current i o and the local pcc voltage v pcc in Figure 2 are represented by
where v * inv (s), v g (s) and i ld1 (s) represent the alternating current (ac) perturbations on the inverter output voltage, the grid voltage, and the non-linear load current, respectively. Both v g (s) and i ld1 (s) are regarded as external disturbances to the model, and v * inv (s) plays the role of the control action. Here p 1 (s) to p 6 (s) are the plant open-loop transfer functions (refer to (5) for the relation between input and output), which can be derived straightforwardly following a conventional modelling procedure of the grid-connected converter with LCL filter [23] , hence their expressions are omitted in this paper.
System Closed-Loop Model
The system is governed by the feedback control algorithm as follows (see Figure 1 )
where i * o,1 (s) denotes the desired fundamental converter output current. Here c 1 (s) and c 2 (s) are the transfer functions of the current control in Section 2.2 and the voltage support in Section 2.3, respectively; they are given by
Analyzing the plant model in (5) and the controller model in (6), the resultant converter output current and the pcc voltage in the closed-loop system can be expressed as
The closed-loop transfer functions G 1 (s) to G 6 (s) are found to be
with T(s) being the system loop gain, found to be
Model Analysis for Harmonic Attenuation Effect Study
It is assumed that the system is stable since the focus of this paper is on the study of harmonic compensation accuracy. The parameters of the considered single-phase grid-connected converter system are shown in Table 1 . The controller parameters are equal to those listed in Table 2 , unless mentioned otherwise.
Fundamental Converter Output Current Regulation
As can be seen from the closed-loop system model in (9) , the converter output current is co-determined by the desired fundamental current i * o,1 , the grid voltage v g , the non-linear load current i ld1 and the transfer functions G 1 (s), G 3 (s) and G 5 (s). Equations (11), (13) , and (15) indicate that in order to achieve zero-error fundamental reference tracking and zero-error fundamental disturbance (from the load and the grid) rejection, it is of vital importance to have c 1 (s)| s=j2π f g → ∞ and a finite value of c 2 (s)| s=j2π f g . Figure 3 shows the magnitude response of G 1 (s), G 3 (s) and G 5 (s) when the resonance filters are applied for voltage support, namely, by the substitution of (7) and (8) into (11), (13) and (15) .
In other words, when the grid frequency matches with the estimated one by f g =f g , zero-error fundamental reference tracking and zero-error fundamental disturbance rejection is possible. Moreover, the transfer function of G 1 (s) in (11) 
Add-on Voltage Harmonic Attenuation: α(s)
It is assumed that the non-linear load current i ld1 is the only harmonic source of the system in Figure 1 . Therefore, according to the closed-loop transfer function in (10), the harmonic content of the pcc voltage is determined by G 6 (s) and the non-linear load harmonic content only. A rearrangement of the transfer function in (16) yields
where G cl,6 (s) is the system's closed-loop transfer function from i ld1 to v pcc when the voltage support is removed from the controller (namely, when c 2 (s) = 0). Here α(s) is the add-on harmonic attenuation transfer function by adding on c 2 (s). We have Figure 4 shows the magnitude response of G cl,6 (s). It can be noticed that when c 2 (s) = 0 the non-linear load current has significant influence on the local voltage and the system has poor performance in rejecting it. Hereafter, the analysis of the add-on voltage support functionality will be based on the add-on harmonic attenuation transfer function α(s). Substituting the controller transfer functions in (7) and (8) into (20), we have Figure 5 shows the magnitude response of α(s). It can be seen that with the proposed voltage support strategy, the pcc voltage harmonic attenuation functionality is added on by means of magnitude notches centered at the selected harmonic frequencies. 
Sensitivity to Grid Frequency Estimation Error
As shown in Section 2, the controller is designed based on an estimated grid frequency quantity. Grid frequency estimation error is common and it deteriorates the notch filter performance, as mentioned in [21] . Therefore, this section discusses the impact of frequency estimation error on the harmonic attenuation performance. To quantify the impact of the grid frequency estimation error on the harmonic attenuation performance, an index, δ, is introduced. It refers to the normalized grid frequency estimation error, given by Figure 6 shows the magnitude of α(s)| s=j2πhf g (1+δ) as a function of the grid frequency estimation error δ, withf g = 50 Hz. It can be seen that the harmonic attenuation effect is sensitive to the estimation error of the grid frequency and that the performance deteriorates when the error increases, as expected. 
Compensation for Grid Frequency Estimation Error: K res
In theory zero-error harmonic attenuation is possible for the proposed control scheme since the resonance filters have infinite gain at the harmonic frequencies, independent of the proportional gain, K res,k = K res . However, perfect harmonic attenuation is not always achieved in practice [21] . Figure 7 shows the magnitude of α(s) as a function of the grid frequency estimation with different values of K res , N h = {3}. As can be seen from Figure 7 that a smaller K res makes the system more sensitive to the grid frequency estimation error. 
Discussion on the Application under a Grid with Frequency Change
Using a static frequency quantity to design the proposed controller under a grid with frequency change is not recommended because it will cause frequency estimation error, and consequently, will result in reduced harmonic attenuation, as illustrated in Section 3.3. This can be overcome by making the proposed control algorithm frequency-adaptive. The frequency adaptivity can be easily implemented in the proposed control algorithm by updating the estimated grid frequency on-line [24] . The grid frequency estimation can be incorporated in the phase lock loop (PLL) in the controller (referring to Figure 1 ) by advanced techniques [25] . 
Experimental Investigation
Setup Description
A laboratory setup was realized to investigate the experimental performance of the aforementioned control scheme in accordance with the system diagram shown in Figure 1 . It consists of six main parts [17] : a DC power supply, a single-phase H-bridge converter, an LCL filter, a linear resistive load, a programmable current source acting as a non-linear load, a grid emulator Spitzenberger type DM 3000 and a dSPACE DS1104 real-time control system. The programmable current source is used to emulate a non-linear load that injects harmonic currents into the grid; its current waveform can be found in Figure 8 , labelled i ld1 . The nominal values of the system parameters are listed in Table 1 . Note that unless mentioned otherwise, the controller is set according to Table 2. 10 ms/div A LeCroy Wavesurfer-44MXs-B oscilloscope was used to capture the experimental waveforms. The DS1104 system was applied to visualize the data acquired by the digital controller.
Discrete-Time Implementation
To avoid shifted resonance frequency problems, the resonance filters in the add-on voltage support loop in Section 2.3 are implemented by Forward Euler and Backward Euler integration methods with correction [26] . For a proper trade-off between implementation complexity and acceptable accuracy, only the first correction component is included. The resulting transfer function of the resonance filter cell in (4) in the z-domain is found to be
where T s is the sampling period of the implementation, and
Impact of Non-Linear Load on the Local Voltage Quality
The impact of a non-liner load on the local voltage quality can be assessed in the case that all the converter switches are disabled. Therefore, only the filter components L 2 and C f in Figure 1 are passively involved in the power conversion. The non-linear load, Load 1, injects harmonic current into the point of common connection. Since the grid impedance ω g L g is much smaller than the impedance of Load 2 (in the frequency range of interest), the harmonic current from Load 1 flows to the grid and makes the grid current and therefore also the pcc voltage distorted. Figure 8 shows the corresponding waveforms. Figure 9 shows the waveforms when the current control is in operation and the voltage support is disabled. It can be seen that the local voltage and the grid current are still significantly distorted, compared to the case in Figure 8 . This is expected since the system with the current control has poor performance in rejecting harmonic disturbances, as analyzed in Section 3.2. Figure 10 shows the waveforms when the voltage support loop is enabled. The local pcc voltage 3 rd , 5 th and 7 th harmonic content in these two cases (in Figures 9 and 10 ) is shown in Figure 11 . 10 ms/div 
Validation of Voltage Support
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Validation of Fundamental Current Regulation
As mentioned earlier, one of the control objectives is to regulate the converter output current fundamental component. This section considers the performance of the control scheme for the fundamental converter output current regulation.
When the reference amplitude I * o,1 is zero, the converter is expected to operate as a harmonic compensator; when I * o,1 is not zero, the converter injects (or absorbs) active power from the grid side. Figure 12 shows the experimental waveforms when the converter is asked for harmonic compensation only, I * o,1 = 0 A. Since the converter output current is distorted (non-sinusoidal on purpose of harmonic compensation), it is difficult to recognize its fundamental component (see Figures 10 and 12) . Therefore, a fast-Fourier-analysis is performed. Figure 13 shows the value of the amplitude of the converter output fundamental component as a function of its reference. It can be seen from Figure 13 that the converter output current fundamental component has a good match with its reference, and that it is independent of the harmonic compensation. 
ms/div
i ld1 (5 A/div) i g (5 A/div) i o (5 A/div) v pcc (200 V/div) i o (5 A/div)
Sensitivity to Grid Frequency Estimation Error
In this section the control algorithm's sensitivity to the grid frequency estimation error is investigated. It is worth mentioning that different from the model analysis in Section 3.3, in experiments the set frequency for the grid emulator is kept strictly constant at 50 Hz in order to have a consistent non-linear load current; the frequency estimation error is created by varying the estimated grid frequencyf g . The results are shown in Figure 14 . Consistent to the analysis in Figure 6 , the system is sensitive to the grid frequency estimation error. 
Compensation for Grid Frequency Estimation Error
In this section the voltage harmonic attenuation effect is investigated as a function of the resonance filter gain. Figure 15 shows the experimental results when the resonance filter gain changes. In this set of tests the frequency used in the controller isf g = 49.9 Hz while f g = 50 Hz in order to create a grid frequency estimation error. The controller is set as N h = {3}. 
Discussion
As demonstrated in Figure 8 , local non-linear loads can pollute the grid, resulting in distorted grid current and impaired local voltage quality (under a weak grid). Conventional non-linear load harmonic compensation strategies for a shunt grid-connected converter additionally measure the grid or the load current for harmonic identification and compensation.
In order to compensate harmonics introduced by the non-linear loads using only existing local measurements around the point of common connection (pcc), an add-on local voltage support control scheme is proposed. Its implementation is in parallel with a conventional proportional-resonance current control method. The local pcc voltage profile is used not only for both traditional grid synchronization and add-on harmonic compensation. As a result, the measurements of the grid or the load current, which is necessary for conventional non-linear load harmonic compensation strategies, becomes unnecessary. In order to decouple the output current fundamental component regulation and the add-on voltage support, the controller is appropriately designed. The current regulation works actively at the fundamental frequency and the voltage support at the harmonic frequencies; therefore, the two loops are decoupled and hence the control accuracy of the fundamental current regulation is not compromised.
When the voltage support loop is disabled the local voltage quality is impaired since the system in Figure 1 (without voltage support) has poor performance in rejecting harmonic disturbances from the non-linear load, as analyzed in Figure 4 and demonstrated in Figure 9 . When the voltage support loop is enabled, the system suppresses the harmonic disturbances on the local voltage, as demonstrated in Figure 10 , which is consistent to the analysis in Section 3.2. Compared to the case in Figure 9 , the grid current in Figure 10 becomes close to sinusoidal and the peak distortion is decreased. The harmonic analysis in Figure 11 further validates the benefit of using the add-on voltage support strategy. It shows that the local voltage harmonic content at selected frequencies is decreased compared to when the voltage-support is disabled, which has a good agreement with the analysis in Figure 5 .
Next, the control strategy's performance of tracking the fundamental output current reference is checked. As shown in Figures 10 and 12 , on top of harmonic compensation, the converter output current fundamental component can be regulated independently. The harmonic analysis in Figure 13 quantifies the performance and it is shown that the converter output current fundamental component tracks its reference well, which is expected according to the analysis in Figure 3 .
Moreover, the sensitivity of the add-on voltage support strategy's performance to the grid frequency estimation error is studied and quantified. Consistent to the model analysis in Figure 6 , the experimental results in Figure 14 demonstrate that the voltage harmonic attenuation effect is highly dependent on the frequency estimation error, and the less the error, the better the attenuation. Both the model analysis in Figure 7 and experimental results in Figure 15 suggest that a large resonance filter gain helps to compensate for the frequency estimation error. As shown in Figure 14 , zero-error harmonic attenuation is not fully achieved in the experiments even when the estimated frequency is identical to the grid emulator set-point frequency. This can be explained by two factors. The first one is the imperfect numerical implementation of the resonance filter in (23) . Secondly, the grid emulator's frequency is not perfectly stabilized at the set-point but has a certain precision. These two factors put limitations on practical zero-error harmonic rejection. Besides, in the experiments the best harmonic attenuation is seen when the estimation error is around +0.06% (whenf g = 49.97 Hz). This is explained by the inaccuracy of the grid emulator. A one-minute test showed that the grid emulator frequency varied between 49.94 Hz and 49.98 Hz even though its set-point was 50 Hz.
Conclusions
In this paper an add-on voltage support control scheme is proposed that compensates for the harmonics introduced by local non-linear loads. Its main advantage is that the measurements of the grid or load current, which is necessary in conventional strategies, is not necessary in the proposed scheme. In this way, existing grid-connected inverters can be upgraded through only a change of software to provide local voltage support. Moreover, compared to recent voltage support strategies using only local measurements, the proposed control strategy does not compromise on the quality of the fundamental output current regulation, which is viewed as the primary functionality of grid-connected inverters in distributed generator applications.
Consistent with the add-on voltage harmonic attenuation model analysis, the harmonic content on the local voltage was significantly attenuated in experiments when the scheme was applied. Precise regulation of the fundamental output current was achieved in experiments. This is expected because the voltage harmonic compensation control loop has no effect on the fundamental current regulation, as explained by the model analysis for the harmonic attenuation effect study.
On top of illustration and demonstration of the proposed control scheme's effectiveness, a sensitivity study was carried out in this paper. Theoretically, zero-error reference tracking and zero-error disturbance rejection are possible with the proposed scheme. However, resonance filters are notch filters and they are sensitive to the frequency estimation error. Consistent with the sensitivity analysis, experiments confirm that the performance of harmonic compensation deteriorates dramatically when the difference between the true and estimated grid frequency increases. As indicated by the model analysis, reducing the grid frequency estimation error is seen as means to improve the control algorithm's performance with respect to harmonic attenuation. Alternatively, in the presence of an inevitable grid frequency estimation error increasing the filter gain has been shown analytically and experimentally effective for the harmonic attenuation effect enhancement.
In conclusion, a proposed add-on voltage harmonic suppression scheme for a single-phase grid-connected converter system is discussed in this paper. An analytical model of the system is derived in order to illustrate the working principle of the scheme; additionally, the model is used to quantify the sensitivity of the scheme and accordingly a compensation strategy is raised. The experiments confirm the effectiveness and the sensitivity study of the proposed control scheme. 
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